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Based on the long term research in the field of 
grain starches, it is now generally accepted that 
the size distribution of starch granules in barley, 
as well as in wheat, is of bimodal character. The 
granules of the size in excess of about 10 µm are 
designated as “A-starch”, while the smaller ones are 
referred as “B-starch” (LINDEBOOM et al. 2004). 
The resulting average size and size distribution of 
starch granules are not only specific for individual 
cereal varieties but are also dependent on the effects 
of the environment and the agricultural technol-

ogy acting on the plant in the course of its growth 
(DAVIS et al. 2003; PALMER 1993; TESTER 1997; 
MACLEOD & DUFFS 1988; PSOTA et al. 2002).

In the case of barley, the size distribution of 
starch granules plays the most important role 
in the production of beer due to its influence on 
the quality of malt. It was shown that B-starch, 
relatively firmly incorporated in the lipide-protein 
matrix (KANG et al. 1985), with a higher tem-
perature of gelatinisation as compared to that of 
A-starch (MACGREGOR 1991), was less liable to 
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A method was proposed for the determination of the contents of A- and B-starches in barley and for the use in plant 
breeding stations and brewing/malting laboratories. A combination was used of classical methods (incl. crushing of 
barley kernels by a roll crusher, steeping in 0.02M HCl, repeated rubbing and filtering through the sieve of 0.08 mm), 
and novel pieces of know-how (treatment with β-glucanase and cellulase, alkalisation at pH = 10.0 and centrifugation 
of crude starch suspension through the layer of CsCl). In this way, barley starch of high purity was obtained at a very 
low loss, using Low Angle Laser Light Scattering for the determination of the size distribution of starch granules. The 
boundary of the particle size between the peaks of A-starch and B-starch (7 µm) was evaluated from the distribution 
curves, while the contents of A- and B-starches were calculated from the cumulative curves. As a whole, the method 
was internally validated and for its repeatability and uncertainty of measurement the stimates of standard deviation 
s = 1.56 and confidence interval L1,2 = x ± 1.9% were established, respectively. Taking into account the generally well 
known difficulties associated with the extraction of substances from biological materials, in this case the separation 
of starch from barley kernels, we believe that the proposed method will bring satisfactory results in practice.
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enzymatic attack in the course of malting (BREN-
NAN et al. 1997). It is presumed that during malt-
ing and malt wort preparation only a half of small 
starch granules is subject to enzymatic degrada-
tion, i.e. about 5% of the total starch content will 
not be fermented into alcohol. Further, residual 
non-hydrolysed B-starch can cause turbidity and 
problems in filtration in malt wort production 
(TILLET & BRYCE 1993).

In the course of their development, the methods 
employed for determining the size distribution of 
starch granules have seen considerable changes and 
modifications due to both the recent development 
of chemical, biological and physical knowledge of 
the formation and character of starch linkage to 
other plant materials, and the advanced instrumen-
tation available for the particle size determination. 
However, any method may be divided into two 
successive parts, i.e.:
− separation of starch from plant materials and 

its purification, 
− determination of the size distribution of starch 

granules.
In general, the first part of the process is consid-

ered more problematic. In other words, it is more 
difficult to obtain pure starch, whose composition 
will correspond to its composition in the original 
matrix as best as possible, than to measure the 
particle size of starch granules by a suitable in-
strumentation (LINDEBOOM et al. 2004).

MCDONALD and STARK (1988) give the sum-
mary in their paper of the methods employed for 
the separation and purification of cereal starches, 
including that of barley, in the period betwen 
1940–1980. The procedures described are rather 
simple and consist of the starch separation from 
ground plant materials by washing with water 
and the subsequent removal of impurities us-
ing multiple filtration on screens combined with 
centrifugation. 

The method by MORRISON et al. (1984) was 
widely applied in the years of 1980’s and 1990’s. 
Starch was released from crushed barley kernels 
by maceration in 0.02M HCl for 12 hours. The 
mixture was then neutralised and neutral protease 
was added. Crude starch was obtained by repeated 
rubbing and filtering the crushed kernels through 
the sieve of 75 µm. It was further purified by mul-
tiple centrifugation (10 000 g) and the so-called 
“brown layer” containing mainly impurities was 
removed from the surface of the decanted mate-
rial after each cycle.

MCDONALD and STARK (1988) made a critical 
evaluation of this method and objected to the loss 
of B-starch caused by the repeated removal of the 
brown layer. They recommended protease to be 
added later, to the previously separated brown 
layer. After the centrifugation of the hydrolysed 
brown layer at 10 000 g, the residual B-starch 
obtained should be added back to the main por-
tion of the crude starch. The final refined product 
was obtained by another multiple centrifuging at 
10 000 g and shaking with toluene.

The authors of two papers published in 1990 
(SOUTH & MORRISON 1990; SULAIMAN & MOR-
RISON 1990) employed centrifugation through a 
layer of CsCl solution for purifying the suspensions 
of crude starch separated from wheat or barley. 
In principle, the suspension of crude starch is 
layered over 80% water solution of caesium chlo-
ride and this two-phase system is centrifuged at 
14 000–18 000 g. In this process, starch granules 
pass through the CsCl layer to accumulate at the 
tube bottom, while the impurities are retained 
in the CsCl layer. Indisputable advantages of this 
method consist of a considerable time saving and 
the reduction of the losses during crude starch 
refining. YOU and IZYDORCZYK (2002) successfully 
employed the method in the study of barley starches 
with variable amylase contents. The same authors 
applied the addition of protease and saccharolytic 
enzymes lichenase and xylanase to facilitate the 
release of starch from crushed barley kernels. 
Similarly, ZHENG and BHATTY (1998) obtained 
improved yields of starch separated from hull-less 
barley employing the addition of a commercial 
enzyme mixture containing cellulase, β-glucanase 
and xylanase, the main effect being ascribed to 
β-glucanase.

TAKEDA et al. (1999) published a process for 
the separation of starch from barley in an alkaline 
medium. The procedure consists of steeping barley 
kernels in 0.2% NaOH solution for 2 days at the 
temperature of 4°C, followed by homogenisation 
and stepwise filtration using a set of sieves of 100, 
200 and 400 mesh. Starch obtained in this way was 
washed with 0.2% NaOH using multiple centrifu-
gation until the disapperance of biuret reaction, 
and then with water. The method was successfully 
used in characterising the size of starch granules 
obtained from quinoa, barley and adzuki seeds 
(TANG et al. 2002).

There are more methods for determining the 
size of solid particles which are based on various 
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experimental techniques and it should be noted 
that almost all such methods have been applied 
to the determination of the size of starch gran-
ules in plant materials. LINDEBOOM et al. (2004) 
evaluated their advantages and deficiencies in a 
critical review. 

As to barley starches, older procedures em-
ploying light microscopy, liquid sedimentation 
balance (NOVOTNÝ 1970; BANKS et al. 1973), and 
micro-sieving (BAGHATE & PALMER 1972; EVERS 
et al. 1974) were used. Later, in 90’s, so-called 
“Coulter Counter method” was very popular, in 
which starch granules were classified by size re-
lated to their effect on the electrical resistance of 
an electrically conductive liquid (MCDONALD & 
STARK 1988; SOUTH & MORRISON 1990). Among 
other microscopic methods in current use is the 
image analysis of optical microscopy (IAOM) in 
which the size of starch granules is determined 
after staining with iodine solution (BAUM & BAILEY 
1987; TILLET & BRYCE 1993; YOU & IZYDORCZYK 
2002), and also the scanning electron microscopy 
(SEM) should be mentioned. The latter is used 
particularly for examining, in detail, the morpho-
logical characteristics of starches of various plants 
(JANE et al. 1994) and it also finds an application 
in the verification of the starch granule size in the 
course of starch fractionation.

Finally, one should mention two novel advanced 
methods that are gradually more and more used 
for determining the size of starch granules. The 
methods concerned comprise the LALLS (Low 
Angle Laser Light Scattering) and the implementa-
tion of FFF (Field Flow Fractionation) techniques 
in the gravitation or centrifugal field. The two 
methods are non-destructive, not time-consum-
ing, and are highly objective, as the measured sets 
contain more than 100 000 particles. In the case 
of LALLS, the particle size is measured directly, 
not distinguishing between starch granules and 
impurities. Therefore, the success of the analysis 
depends on the use of samples of high purity. 
The FFF technique may be used for both the size 
determination and the fractionation of starch 
granules. As the determination of size by the lat-
ter method requires a consistent specific weight 
of the particles measured, high purity of samples 
is also essential for the FFF method.

PSOTA et al. (2000) used the LALLS method to 
distinguish between the contents of A- and B-starch 
fractions on two varieties of malting barley. TANG 
et al. (2002) used the same method to characterise 

barley starch and starches of quinoa and adzuki seeds. 
MOON and GIDDINGS (1993) published the first paper
dealing with the separation and size distribution of 
starch granules using the Sd/St FFF (Sedimentation/
Steric Field-Flow Fractionation) method. CONTADO 
et al. 1999) employed the technique of SPLITT cell 
(split flow-thin) for starch fractionation. CONTADO 
and DONDI (2001) described the combination of 
SPLITT cell and Sd/St FFF techniques applicable to 
the determination of the size distribution of starch 
particles. CHMELÍK et al. (2001) compared the size 
characteristics of the starch granules of two barley 
varieties, obtained by the methods of SEM, IAOM, 
LALLS and GFFF (Gravitational Field-Flow Fractiona-
tion). Their evaluation did not differ, in practice, from
the evaluation made by LINDEBOOM et al. (2004). 
Interesting was the fact that the ratio of two main 
peak areas determined by GFFF corresponded to the 
mass ratio of A- and B-starch granules determined by 
LALLS. This finding was supported by the determi-
nation of A- and B-starches contents in 10 samples 
of spring malting barley, as the two methods (GFFF 
and LALLS) put the samples to the same order ac-
cording to this parameter (PSOTA et al. 2002).

This contribution extends the first results ob-
tained by PSOTA et al. (2000) where the suitability 
of the LALLS instrumental method was verified for 
the determination of the particle size distribution 
of barley starch granules. However, it should be 
noted that the procedure employed there for the 
separation of starch from barley, using washing of 
cracked, mechanically de-husked kernels with water 
on a sieve further followed by simple purification 
of the crude starch obtained by alkalisation to pH 
10–11, would be the source of errors increasing the 
repeatability and uncertainty of the results below 
the acceptable limit. Therefore, the main objective 
of our efforts was to offer a reasonably efficient 
and standardised procedure for the separation 
and purification of starch from barley kernels 
which would employ both the classical and the 
current advanced knowledge. In conclusion, the 
method as a whole (including the determination 
of the size distribution by LALLS), was internally 
validated, i.e. its repeatability and uncertainty of 
measurement determined.

MATERIALS AND METHODS

Apparatus.  pH-meter – Inolab (WTW GmbH, 
Austria); Shaking water bath – GFL 1083 (Burk-
metal GmbH, Germany); Sieve (stainless), diameter 
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200 mm, mesh size 0.08 mm (Retsch, Germany); 
Centrifuge – Janetzki K70D (swinging rotor, 4 cen-
trifuging vessels of 1 l volume each, 3000 rpm max.); 
High speed cooled centrifuge – Model KR25i, 
50 000 g max. (JOUAN, France); Laboratory roll 
crusher (gap width 0.3 mm); Particle Size Analyser 
– Analysette 22 (Fritsch, Germany); Polarimeter 
– Sucromat VIS/NIR, (Kernelon, Germany); Ul-
trasonic bath (Bandeline Electronic, Germany).

Chemicals and enzymatic preparations. Cae-
sium chloride, CsCl (Sigma); enzymatic prepara-
tions – β-glucanase 750L, Cellulase 200 L (supplied 
by Rhodia); other chemicals (NaOH, HCl, etc.) of 
analytical purity.

Samples. A sample of malting barley of Jersey 
variety was supplied by the Research Institute of 
Brewing and Malting, Czech Republic, Brno.

Determination of starch content in barley and 
in residue of washed crushed barley kernels. 
Starch contents were determined by the polari-
metric method of Ewers (DAVÍDEK 1977) using 
the conversion factor of 1.912 for barley starch, 
and were converted to the dry matter of the two 
materials.

Determination of starch granule size 
distribution

Separation and purification of starch from 
barley kernels. Whole barley kernels (15 g, ap-
prox.) were cracked by passing them through the 
laboratory roll crusher two times. The cracked 
grains were then steeped in 100 ml 0.02M HCl at 
4°C for 15 h (usually overnight). After warming 
the sample to the room temperature, its pH was 
adjusted to 5.0 ± 0.2 with 0.2M NaOH. Solutions 
of cellulase (0.5 ml) and β-glucanase (0.5 ml) were 
added. A flask with the mixture was then placed in 
a shaking water bath of the temperature of 30°C. 
Then, the mixture was stirred intensively several 
times in the course of shaking. After removing 
the sample from the bath, its pH was adjusted 
to 10.0 ± 0.2 with 0.2M NaOH and the flask was 
placed again in the shaking water bath whose tem-
perature was increased to 50°C for 1.5 h. Then the 
mixture was left to cool to room temperature, its 
pH was adjusted to 7.0 ± 0.2 using 0.2M HCl, and 
it was filtered through a sieve of 0.08 mm mesh 
size. The filtrate containing starch was placed in a 
storage vessel. The digested material retained on 
the sieve was mixed with water (100 ml approx.) 
and gently rubbed using a mortar and a pestle to 

release the remaining starch granules. It was then 
filtered and the filtrate with the starch was added 
to the storage vessel. The procedure was repeated 
three more times. The residue of crushed kernels 
was washed with 50 ml of water and dried. The 
combined filtrates (approx. 600 ml) were centri-
fuged at 3000 rpm for 30 min. After removing the 
liquid fraction, the solid starch fraction retained 
in the centrifuging vessel was stirred up in water 
(500 ml) and centrifuged once again.

Crude starch obtained in this way was transferred 
into a 100 ml ground-neck flask and homogenised 
in an ultrasonic bath for 15 min. Three millilitres 
of the homogenised crude starch suspension were 
carefully layered over 4 ml of 80% water solution 
of CsCl in centrifuge tubes. After centrifugation 
(14 000 g/30 min), the upper layer (consisting of 
water phase and CsCl solution with impurities) 
was carefully removed. The remaining solid starch 
was washed two times using the addition of 7 ml 
of distilled water and centrifugation (14 000 g for 
30 min). Finally, the refined starch was transferred 
with 5 ml of distilled water into a vial. A drop of 
formaldehyde was added and the product was 
stored at 4°C in a refrigerator. 

Size distribution of starch granules. The meas-
urement of the size distribution of starch granules 
was carried out using the Particle Sizer Analyser 
Analysette 22. Starch was dosed in the instru-
ment in the form of dense suspension. The data 
necessary for calculating the size distribution of 
starch granules were obtained from the distribu-
tion and the cumulative curves. The distribution 
curves served for the evaluation of granule size 
boundary between the peaks of A- and B-starches. 
The cumulative curves (or their tabular values) 
describe the relationship between the volume 
proportion of a given starch fraction and the size 
of granules in that fraction. Provided that all the 
starch granules have the same specific weight, the 
given per cent by volume may be well considered 
as per cent by weight.

Measurement conditions
Measuring range 0.18–300.74 µm
Resolution 124 channels (10 mm/114 mm)
Absorption 13.00%
Measurement duration 20 scans
Pump 167 rpm
Stirrer 153 rpm

Repeatability and uncertainty of measurement 
(ECKSCHLAGER et al. 1980).
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Repeatability of the determination of A- and 
B-starch fractions was expressed as the estimate 
of standard deviation and calculated using the 
following formula:

s = kn × R

where:
s  –  estimate of standard deviation
n  –  number of parallel determinations
kn  –  tabular value
R  –  range of results (difference between the highest

and the lowest results)

Uncertainty of determination of A- and B-starch 
fractions was expressed as the width of the in-
terval of confidence, calculated by the following 
formula:

L1,2 = x ± Kn × R

where: 
L1,2 –  upper and lower limits of the confidence interval
x –  average value of all the determinations
n –  number of parallel determinations
Kn –  tabulated coefficient of n parallel determinations

at a chosen level (1-α)
R –  range of results (difference between the highest

and the lowest result)

DISCUSSION

As mentioned in the introduction, the main ob-
jective of this work was to propose a method for 
the determination of A-and B-starches in barley, 
based on the starch granule size distribution. As it 
was intended for the evaluation of this parameter 
in plant breeding stations and brewing/malting 
laboratories, it should be sufficiently representative 
and reproducible and, at the same time, as quick 
as possible and eligible for standardisation.

A sample weighing 15 g was used for one analy-
sis, i.e. the quantity that, in our opinion provided 
a sufficiently representative result. However, the 
weight may be increased if required. The flow 
diagram of the proposed procedure of the starch 
separation and refining is shown in Figure 1.

From this diagram it follows that the operations 
of whole barley crushing, steeping in HCl, and 
crude starch separation were made according to 
the procedure of MCDONALD and STARK (1988). 
The improved release of starch from the crushed 
kernels was accomplished in two stages. First, 
the addition of two saccharolytic enzymes, cel-
lulase and β-glucanase, was employed. Xylanase 
recommended by YOU and IZYDORCZYK (2002) 
was not used, as our preliminary tests showed 
that its addition did not significantly improve 

Figure 1. Procedure of starch separation and purification

whole barley kernels
↓

passing through the roll crusher; 
steeping 15 h (overnight) in 0.02M HCl at 4°C

↓
crushed barley kernels

↓
pH adjustment to 5.0 ± 0.2 with 0.2M NaOH;  

addition of cellulase and β-glucanase; 
3 h in a shacking water bath at 30°C

↓
pH adjustment to 10.0 ± 0.2 with 0.2M NaOH; 

0.5 h in shacking water bath at 50°C
↓

neutralisation with 0.2M HCl; 
4 times repeated rubbing (pestle + mortar) and filtration through sieve 0.08 mm

 ↓ ↓
     suspension of crude starch washed crushed kernels 
30min centrifugation at 3000rpm            drying at 120°C

↓
crude starch

↓
centrifugation of crude starch suspension through 
80% water solution of CsCl (14 000 g; 30 min); 
2 times washing with water + 30 min centrifugation at 14 000 g

↓
purified starch 
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the effect of the other two enzymes on the starch 
release. In the second phase, the time consuming 
and experimentally demanding treatment with 
protease after MORRISON et al. (1984) (digestion 
at 4°C overnight under continuous stirring) was 
replaced with the treatment in alkaline medium 
(pH 10, approx.) at 50°C for 1.5 h.

Starch extraction efficiency was assessed using 
the mass balance of the starch contents in barley 
kernels and in washed crushed kernels. It was 
proved that about 7.5% of the initial quantity of 
starch was retained in the washed crushed ker-
nels, i.e. that the yield of about 90–93% of crude 
starch was obtained in the process of separation. 
This result was comparable with the data given 
by MORRISON et al. (1984).

Crude starch purification was made by the 
method of SOUTH and MORRISSON (1990) us-
ing centrifugation of starch suspension through 
a layer of CsCl solution. This step allowed us to 
reduce the time of analysis considerably as com-
pared to the procedure of MCDONALD and STARK 
(1988) consisting of the release of B-starch from 
the brown layer by the action of protease and fi-
nal starch refining by shaking with toluene. The 
proper size distribution of starch granules itself 
was determined by LALLS in purified starch. 

Considering the proposed practical use of the 
method of concern, its internal validation was made 
at the level of determination of A- and B-starches 
in barley. The entire procedure was taken into 
account, i.e. the starch separation and refining, 
including the determination of the starch granule 
size distribution by LALLS. We performed the 
validation by determining an estimate of standard 

deviation and confidence interval in the analysis 
of the same sample of barley repeated five times. 
The granule size of 7 µm was chosen as the bound-
ary value between A- and B-starches based on the 
course of the distribution curves (Figure 2). The 
contents of A- and B-starches were calculated in 
the individual determinations from the cumulative 
curves (Figure 2) and are shown in Table 1.

Using the tabular values of coefficients kn = 
0.4299 and Kn = 0.51 (at the level of (1-α) = 0.95), 
the standard deviation was estimated at s = 1.56 
and the confidence interval L1,2 = x ± 1.9% was 
calculated. As the sum of A- and B-starches vol-
umes is normalised to 100% in any cumulative 
curves, the validation values apply equally to the 
two starch fractions.

Within the frame of a previous work (PŘÍHODA 
et al. 1999), the validation was made of the proper 
determination of the starch granule size distribu-
tion using Analysette 22. The determination was 
made in nine times repeated measuring of 10% 
aqueous suspension of refined wheat starch dosed 
directly in the instrument measuring cell. The 
estimates of the standard deviation s = 0.24 and 
confidence interval L1,2 = x ± 0.16% were calcu-
lated for B-starch. It can be reasonably expected 
that similar values would be obtained for barley 
starch, too. As the values are relatively very low, 
the fluctuation of results should be assigned to 
the process of preparation of pure starch samples 
from barley. Particularly, the repeated rubbing and 
filtering through the sieve in the preparation of 
crude starch suspension is the critical step that can 
be standardised in practice only with difficulties. 
More attention should be paid also to the starch 

Figure 2. Distribution and cumula-
tive curves of barley starch granule 
sizes
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suspension handling as the suspensions could 
readily sediment (losing their homogenity) and 
adversely affect the results of the particle size 
distribution analysis.

However, we were not able to compare our re-
sults of validation with other authors’ data as the 
latter were not available in the literature cited. 
Nevertheless, taking into account the generally well 
known difficulties associated with the extraction 
of substances from biological materials, includ-
ing the separation of starch from barley kernels, 
we believe that the method proposed will bring 
satisfactory results and find good use in practice. 
We would like to note that this method can also be 
used in other applications of the ize determination 
of barley starch kernels.
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